INTRODUCTION 56
potentially altering the translational reading frame within a protein coding region. 79
Alternatively, homology-directed repair uses a DNA template that shares homology with 80 both sides of the break to accurately repair the DNA (Moynahan and Jasin 2010). By 81 taking advantage of this pathway, it is possible to precisely alter a gene of interest by 82 providing a DNA "donor" template containing desired modifications together with Cas9 83 and the sgRNA. However, the overall activity of homology-directed repair is quite low in 84 a variety of organisms, and thus the majority of double-strand breaks are repaired by 85 non-homologous end joining (Sargent, Brenneman, and Wilson 1997; Beucher et al. 86 2009; Puchta 2005) . 87
In plants, CRISPR has been used to perform a variety of gene modifications, Li, Unver, and Zhang 2017; Chen et al. 2017) , among many others (see (Malzahn, 95 Lowder, and Qi 2017) for a review). The majority of these gene editing experiments 96 resulted in gene knock-out via non-homologous end joining. Gene targeting using 97 homology-directed repair has been quite challenging in seed plants, with most attempts 98 Puchta 2014). The model moss Physcomitrella patens has been used over the last few 101 decades to study various fundamental processes of plant biology. P. patens is known to 102 be exceptionally amenable to genetic manipulation due to its ability to perform high 103 rates of homologous recombination, especially when linear DNA is supplied (Schaefer 104 and Zryd 1997; Prigge Here we describe an efficient and modular CRISPR vector system for use in 110
Physcomitrella patens. In this system, protospacer sequences are synthesized as 111 oligonucleotides and are efficiently ligated into entry vectors containing the sgRNA 112 expression cassette, eliminating the need for gene synthesis. Using Multisite Gateway 113 cloning (Invitrogen), multiple entry vectors recombine with a single destination vector 114 containing Cas9 for efficient multiplexing. By co-transforming three expression vectors 115 with different antibiotic selection cassettes, it is possible to target up to 12 genomic sites 116 in a single, transient transformation. Here we showcase the multiplexing capabilities of 117 the system by simultaneously targeting six genes, as well as creating gene deletions 118 using adjacent sgRNAs. In addition, we describe a simple, yet effective way to clone 119 homology fragments flanking genes encoding fluorescent proteins to efficiently generate 120 donor template DNA for use with homology-directed repair. Likewise, we introduce a 121 novel concept to use homology-directed repair to knock-in DNA encoding for multiple 122 stop codons in each reading frame to allow for a controlled gene knock-out with near-123 effortless genotyping. Lastly, we explore the issues that arise when donor template DNA 124 contains the protospacer sequence during homology-directed repair experiments and 125 describe ways to avoid these issues. 126 127 RESULTS 128
Optimal expression of the sgRNA results in high efficiency editing 129
To test if RNA polymerase III promoters from other organisms could be used in 130 moss, we compared the efficiency of genome editing using either a rice U3 or a P. 131 patens U6 promoter to drive expression of the guide RNA. As a rapid visual test for 132 genome editing, we designed a protospacer that targets the 5' end of the coding 133 sequence of green fluorescent protein (GFP) ( Figure 1A ). The final Cas9 expression 134 plasmids harboring either the PpU6 or the OsU3 promoter were then transformed 135 separately into NLS-4, a moss line that stably expresses nuclear-localized GFP fused to 136 β -glucuronidase (GUS) (Bezanilla, Pan, and Quatrano 2003) . Thus, plants lacking 137 nuclear green fluorescence after transformation represent genome editing events 138 leading to a loss-of-function mutation in the GFP:GUS fusion protein. 139
After two weeks on selection, we imaged transformed plants using fluorescence 140 microscopy to visualize the presence (or absence) of nuclear fluorescence. We found 141 that plants transformed with the OsU3::sgRNA resulted in 11.1% of plants lacking GFP 142 signal. In comparison, 91.4% of plants transformed with the PpU6::sgRNA lacked GFP 143 signal ( Figure 1B ). We verified that NLS-GFP-GUS was edited in a subset of plants 144 lacking GFP signal via Sanger sequencing (n = 10, OsU3::sgRNA transformants, 145
Supplemental Figure 1 ). Additionally, we observed that 13.7% of plants transformed 146 with OsU3::sgRNA contained nuclear fluorescence in a portion of the plant, giving rise 147 to a population of chimeric plants. Interestingly, of the plants transformed with 148
PpU6::sgRNA, we only observed chimeras in 2.6% of the plants ( Figure 1B ). We 149 reasoned that chimeras arise as a result of the Cas9 nuclease cleaving the NLS-GFP-150 GUS reporter after the initial cell division of the transformed protoplast. Given that the 151 OsU3 promoter resulted in fewer plants lacking GFP and a larger percentage of 152 chimeric plants as compared to the PpU6 promoter, our results suggest that the PpU6 153 promoter is more efficient at expressing the sgRNA in moss protoplasts. 154 155
Flexible vector system enables simultaneous targeting of multiple genomic sites 156
Here we present the development of a vector system that rapidly and flexibly 157 allows for simultaneous targeting of multiple genomic sites. Our system builds on 158 vectors developed for rice (Miao et al. 2013 ) with modifications and enhancements to 159 increase expression and transformation efficiency in P. patens. In the moss vector 160 system, the sgRNA expression cassette resides in a Gateway entry vector (Invitrogen) 161 and consists of the PpU6 promoter followed by DNA encoding the sgRNA (Figure 2A ). 162
The protospacer sequence is easily modified to target a specific genomic locus. Two 163 reverse-complementary oligonucleotides containing a custom protospacer sequence 164 are annealed together and directionally ligated into an entry vector that has been 165 linearized by two BsaI sites ( Figure 2B ). Using site-specific recombination, the ligated 166 entry vector recombines with a destination vector containing the Cas9 expression 167 cassette in which Cas9 expression is driven by the maize ubiquitin promoter to create a 168 final expression vector containing both components. We chose to use the maize 169 ubiquitin promoter as this is a well-documented promoter for high-level expression in 170 moss (Bezanilla, Pan, and Quatrano 2003; Saidi et al. 2005) . 171
For maximum flexibility, we generated three destination vectors comprising 172 different antibiotic resistance genes for selection in plants ( Figure 2C ). To target multiple genomic sites in one transformation, we took advantage of Multisite Gateway 174 (Invitrogen), which enables directional stitching of up to four DNA fragments. We 175 generated Multisite Gateway entry vectors enabling construction of a single expression 176 vector that expresses Cas9 and up to four unique sgRNAs simultaneously ( Figure 2D ). 177 Using this powerful system, it is possible to target up to 12 different genomic sites using 178 each of the three destination vectors upon simultaneous selection with hygromycin, 179 G418, and Zeocin. 180 181
Targeting multiple, distant genomic sites 182
To test successful targeting of multiple genomic sites in one transformation, we 183 designed protospacer oligos to target six genomic sites (site 1: Pp3c8_18830V3.1; site 184 2: Pp3c18_4770V3; site 3: Pp3c22_15110V3; site 4: Pp3c4_16430V3; site 5: 185
Pp3c8_18850V3; site 6: Pp3c23_15670V3). Of these sites, two of them (site #1 and site 186 #5) have targeting sites 8727 bp apart on the same chromosome and the remaining four 187 have targeting sites on different chromosomes. We generated two expression vectors, 188 each harboring three sgRNA expression cassettes ( Figure 3A ). Protoplasts were 189 subsequently co-transformed and selected for both expression constructs. We 190 subsequently genotyped the remaining plants using T7 endonuclease, an enzyme that 191 recognizes and cleaves regions of mismatching bases present in dsDNA. Thus, indel 192 mutations can be easily detected when the DNA to be tested is annealed to wild type 193 DNA. To start, we screened 24 plants at site #1 and site #4. In these 24 plants, we were 194 unable to obtain T7 cleavage at site #1. However, 15 plants resulted in T7 cleavage at 195 site #4. We sequenced these plants and confirmed the presence of indel mutations in all 196 15 plants, 6 plants of which contained frameshift mutations ( Figure 3B ). We 197 subsequently screened the remaining sites (sites #2, #3, #5, and #6) in these 6 plants 198
and found edits at sites #3, #5, and #6, but not at site #2 ( 2014). Additionally, an indel that would cause a frameshift mutation in a protein-coding 211 gene may not disrupt the function of non-coding DNA. To increase the chances of 212 making knock-out mutations and easily visualizing them on a gel, it may be beneficial to 213 excise a region of the gene using two sgRNAs. To test this, we designed two 214 protospacer oligos (sgRNA-7 and sgRNA-8) 196 bp apart to simultaneously target a 215 small region in the gene Pp3c16_8300 ( Figure 4A ). Genotyping revealed that two plants 216 contained apparent deletions larger than 100 bp (n = 31) ( Figure 4A , gel). To investigate 217 further, we sequenced these plants (plants #4 and #9) as well as three other plants 218 exhibiting a similar band size to wild type (plants #5, #6, and #7) ( Figure 4A ). Interestingly, of the plants with visible deletions, plant #4 was solely targeted by sgRNA-220 8 and resulted in a 101 bp deletion ( Figure 4A , gene models). The other deletion 221 mutant, plant #9, was targeted by both sgRNA-7 and sgRNA-8 and resulted in two 222 separate deletions of 152 bp and 10 bp, respectively. In this case, the cleavage of both 223 target sites did not result in complete excision. Similarly, plant #5 was also targeted by 224 both sgRNAs, though it only resulted in a total deletion of 8 bp. Plant #6 was only 225 targeted by sgRNA-8, and plant #7 was not edited ( Figure 4A , gene models). 226
We performed a similar experiment on a different gene (Pp2c9_8040) in which 227 we designed two protospacer oligos with expected cleavage sites 535 bp apart ( there remained 15 bp of wild type sequence between the two deletions, indicating that 233 the two sgRNAs failed to excise the fragment entirely ( Figure 4B , gene model). These 234 data suggest that while it is possible to create large deletions, simultaneous targeting of 235 adjacent sites may not increase the efficiency of uncovering knock-out mutants as both 236 target sites may repair separately. 237 238
Generating vectors for homology-directed repair 239
Homology-directed repair is an endogenous pathway that repairs DNA double-240 strand breaks using an available DNA template that shares regions of homology on both 241 sides of the break site (Moynahan and Jasin 2010). Using CRISPR/Cas9, homology-242 directed repair can be exploited by supplying a DNA donor template together with the 243 Cas9 enzyme and the sgRNA to repair the targeted region with extreme accuracy. To 244 test for Cas9-induced homology-directed repair in moss, we designed a strategy to 245 insert sequences encoding for mEGFP (Vidali et al. 2009 ) at the 3' end of Pp3c22_1100 246 ( Figure 5A ). We identified a protospacer sequence that spanned the junction between 247 the coding region and the 3' UTR of Pp3c22_1100, which was an ideal site to target 248 cleavage by Cas9. We generated entry clones containing homology fragments 249 upstream and downstream of the desired insertion site ( Figure 5B ) and subsequently 250 recombined them to generate the DNA donor vector containing the 5' homology, 251 mEGFP, and 3' homology fragments ( Figure 5C ). We co-transformed the Cas9/sgRNA 252 co-expression vector and the DNA donor vector into protoplasts. Genotyping revealed 253 that 6 plants (28.6%) contained fragments of similar size expected for mEGFP insertion 254 (n = 21, Figure 5D ). Sequencing of one plant revealed seamless insertion of an in-frame 255 mEGFP flanked by the expected attB4 and attB3 sites. Due to the high rate of 256 successful insertions, we constructed several second-fragment entry vectors for use 257 with three-fragment Multisite Gateway recombination for fluorescent protein gene 258 tagging experiments ( Figure 5E ). These include genes encoding mEGFP (1X, 2X, and 259 3X) and mRuby2 (1X, 2X, and 3X) with or without DNA encoding for stop codons for C-260 and N-terminal protein tagging, respectively. 261
We reasoned that homology-directed repair would also provide an ideal method 262 to generate reliable and clean knockout alleles by, for example, inserting a fragment 263 with an in-frame stop codon. To do this, we constructed a plasmid encoding three stop 264 codons in each reading frame fused to a 200 bp multiple cloning site (pENTR-R4R3-265 stop, Figure 5E ). Insertion of this "stop cassette" allows for easy identification of 266 knockout mutants. Additionally, the presence of a multiple cloning site following the stop 267 codons allows the use of restriction enzymes during genotyping to further validate the 268 insertion of the stop cassette. To test if cleavage of a genomic site is possible in the presence of a DNA donor 282 template that contains the protospacer sequence, we designed the following 283 experiment. We generated a vector (pMK-Cas9-Hyg) expressing Cas9 and a sgRNA 284 designed to target the hygromycin resistance gene. Transformation of pMK-Cas9-Hyg 285 alone into a moss line containing a single copy of the hygromycin resistance gene 286 should result in genome editing that renders the plant hygromycin sensitive. However, if 287 a donor DNA template harboring the hygromycin resistance gene is co-transformed with 288 pMK-Cas9-Hyg, then we would expect this template to protect the genomic site from 289 being edited, resulting in a larger percentage of hygromycin resistant plants.
290 Surprisingly, we did not observe significant differences between the number of plants 291 sensitive to hygromycin with (58.5%) or without (52.4%) donor template co-292 transformation (n = 82 plants, Figure 6 ). These data indicate that the presence of a 293 plasmid containing a protospacer binding site does not inhibit Cas9 from cleaving 294 genomic DNA in moss cells. 295 296
Cas9 cleaves plasmid DNA in moss cells 297
Given that genomic sites were still accessible to Cas9 cleavage even in the 298 presence of donor template DNA harboring the same target site, we wondered if Cas9 299 could cleave plasmid DNA in moss cells. To test this, we compared the viability of plants 300
co-transformed with a hygromycin resistant plasmid (pGL2 as described in (Bilang et al. 301 1991) ) and either a Cas9 plasmid targeting the hygromycin resistance gene (pMK-302 Cas9-Hyg) or a Cas9 plasmid targeting a non-existent site (pMK-Cas9-NGG). As 303 expected, selection for the Cas9 plasmid resulted in similar numbers of surviving plants 304
(733, hygromycin target; 833, nonexistent site). However, selection for the hygromycin 305 resistant plasmid yielded strikingly different numbers (9.5, hygromycin target; 157, 306 nonexistent site). These results show that the majority of the hygromycin resistant 307 plasmid is cleaved by Cas9, indicating that Cas9 is able to cleave plasmid DNA that 308 contains a protospacer sequence. 309
Mutagenesis of the DNA donor template containing a protospacer sequence 311
increases the efficiency of Cas9-induced homology directed repair 312 CRISPR-mediated homology-directed insertion of the mEGFP gene at the 3' end 313 of the Pp3c22_1100 coding region was highly successful ( Figure 5 ). In this experiment, 314 the protospacer sequence was at an ideal position as it extended across the end of the 315 coding sequence to the beginning of the 3' untranslated region and included the DNA 316 encoding the stop codon ( Figure 5B ). In this instance, the protospacer sequence was 317 not present on the DNA donor template. Rather, portions of the sequence were shared 318 amongst the two homology fragments separated by the mEGFP coding sequence. In 319 cases where protospacer design is suboptimal and the protospacer sequence resides 320 on the donor DNA template, we reasoned that mutagenesis of either the protospacer 321 sequence or the PAM in the DNA donor template should help to achieve accurate 322 homology-directed repair. To test this, we designed a strategy to insert a gene encoding 323 mRuby2 between the 5' untranslated region and the beginning of the coding region of 324
Pp3c16_8300. In this case, the protospacer targeting sequence resides within the 325 coding region and the DNA donor plasmid, therefore, contains the protospacer 326 sequence within the 3' homology fragment ( Figure 7A ). We altered the DNA donor 327 template to create a silent mutation within the protospacer sequence 3 bp from the PAM 328 (5' NGG 3') ( Figure 7B ). We co-transformed protoplasts with the Cas9/sgRNA co-329 expression plasmid and either the mutagenized or unmutagenized DNA donor template. 330
As expected, we were unable to detect any homology-directed repair events in plants 331
transformed with the DNA donor template containing the protospacer sequence (n = 23 332 plants) ( Figure 7A , gel). Conversely, homology-directed repair events were readily 333 detected in plants transformed with mutagenized DNA donor templates: 6 out of 17 334 plants contained insertions with the expected size ( Figure 7B ). We sequenced PCR 335 products from two of these plants and verified successful homology-directed insertions. 336
These data demonstrate that this DNA donor template containing the protospacer 337 sequence resulted in inefficient homology-directed repair. 338
DISCUSSION 340
The ability to precisely edit the genome has been shown to be extremely reliable 341 and rapid using CRISPR/Cas9 in a variety of organisms (Sander and Joung targeting multiple genomic sites. We have also demonstrated that the native P. patens 351 U6 promoter is highly efficient at expressing the sgRNA in comparison to the rice U3 352 promoter and therefore have included it in our vector system. Additionally, we have 353 described an approach to rapidly generate DNA donor templates for homology-directed 354 repair using a three-fragment Multisite Gateway reaction (Invitrogen). Cre and therefore takes substantially longer to obtain the desired modifications. 388 CRISPR-induced homology-directed repair is a way to combat these issues in which the 389 selection cassette is transiently expressed from the Cas9-sgRNA expression vector. 390
Thus, there is no need to remove it from the genome, opening the ability make 391 extremely precise alterations to the genome. templates. Here, we demonstrated the ability to perform highly efficient gene tagging of 397 Pp3c22_1100 using a circular donor template constructed with Multisite Gateway 398 (Invitrogen). Due to the high rate of success, we constructed a variety of second-399 fragment entry vectors compatible with three-fragment Multisite Gateway recombination 400 (Invitrogen) for rapid cloning of fluorescent protein-tagging constructs ( Figure 5E ). 401
These flexible, modular vectors provide a stream-lined system to rapidly generate DNA 402 donor plasmids that will enable tagging the same gene with single, double, triple, red or 403 green fluorescent proteins. 404
Homology-directed repair experiments are not solely limited to gene knock-in, 405
however. Because moss plants can be propagated asexually, it is possible to use 406 homology-directed repair to rapidly generate the same allele in different genetic 407 backgrounds without the need to perform genetic crosses. Additionally, homology-directed repair can be used to create clean and easy-to-detect knock-out mutants: we 409 constructed a "stop cassette" entry vector containing a multiple cloning site with stop 410 codons in each reading frame. In this way, knock-out mutants can be readily detected 411 by a simple shift in band size. Generating knock-out mutants solely with Cas9 and 412 sgRNA is feasible, but may be less efficient due to the possibility that the surrounding 413 Nevertheless, this latter approach may yield more variability in the different mutations 415 created which could be beneficial in determining gene function. Thus, having all of these 416 options available when performing CRISPR-mediated knock-out or knock-in 417 experiments gives us the ability to have tight control over the desired results. 418
A careful choice of protospacer is essential for successful homology-directed 419 repair. Insertion of the mEGFP coding sequence between the Pp3c22_1100 coding and 420 3' UTR regions did not contain the protospacer sequence on the DNA donor template. 421
In this scenario, the protospacer was divided in two portions on the DNA donor template 422 separated by the mEGFP coding sequence. In cases where this particular design is not 423
possible, we performed a series of experiments to test whether Cas9 cleaves in cases 424
where the protospacer sequence remains on the donor template. We validated that 425
Cas9 cleaves plasmid DNA that contains a protospacer sequence in moss cells, 426 rendering the DNA donor template useless during repair. We also demonstrated that, 427 while large amounts of DNA that contain the protospacer sequence are present within 428 the cell, Cas9 retains the ability to cleave genomic DNA in moss cells. We have shown 429 that these complications can be avoided by introducing a point mutation within the 430 protospacer sequence present on the DNA donor template. In this case, a silent 431 mutation 3 bases from the PAM restored successful homology-directed repair events 432 ( Figure 7B) . 433
In conclusion, the CRISPR/Cas9 vector system presented here represents a 434 powerful toolkit for rapid and efficient genome editing in the model moss Physcomitrella 435 patens. Through non-homologous end joining, CRISPR/Cas9 permits the study of 436 essential genes by creating potential hypomorphs as well as of nonessential genes by 437 creating allelic variants. Through homology-directed repair, sequences can be precisely 438 inserted or removed with co-transformation of a DNA donor template constructed in 439 vitro. The simple and modular design of our vector system allows fast and economical 440 vector construction. Additionally, editing of large gene families in a single, transient 441 transformation is achievable in a short timeframe. Furthermore, due to the modular 442 design, our CRISPR/Cas9 vector system could readily be employed in other organisms 443 with slight species-specific modifications to promoter sequences. 444
MATERIALS & METHODS 446

Protospacer sequence design and ligation. 447
For each editing experiment, entry vectors were linearized with BsaI. The 448 CRISPOR online software (crispor.tefor.net) (Haeussler et al. 2016 ) was used to design 449 protospacers for each editing experiment using P. patens (Phytozome V11) and S. 450 pyogenes (5' NGG 3') as the genome and PAM parameters, respectively. Protospacers 451 were chosen based on high specificity scores and low off-target frequency. The chosen 452 protospacer for a given gene and its reverse complement were then constructed to have 453 4 nucleotides added to their 5' ends such that, when annealed, they create sticky ends 454 compatible with BsaI-linearized entry vectors ( Figure 2B ). These were synthesized as 455 oligonucleotides (Supplemental Primer Table) and annealed together using a PCR To build a CRISPR/Cas9 vector system for P. patens, we wanted to first assess 463 RNA polymerase III promoter efficiency. The NLS-4 moss line contains a transgene that 464 codes for nuclear-localized GFP fused to GUS (NLS-GFP-GUS) as described in 465 (Bezanilla, Pan, and Quatrano 2003) . To target NLS-GFP-GUS using a rice U3 466 promoter, we ligated protospacer oligos into pENTR-OsU3-sgRNA (a gift from Devin 467 patens U6 promoter, we removed the OsU3 promoter from pENTR-OsU3-sgRNA-NGG 469 using an AscI and SalI digest. We subsequently amplified the PpU6 promoter from wild 470 type P. patens Gransden strain using primers with AscI and SalI sites (Supplemental 471
Primer Table) , digested with AscI and SalI, and ligated into linearized pENTR-OsU3- To generate pENTR-PpU6-sgRNA-L1L2, the first Gateway entry vector for the P. 485
patens vector system, we amplified the PpU6 and sgRNA fragments with two separate 486 PCR reactions. For the PpU6 fragment, we used a forward primer containing an AscI 487 site and a reverse primer containing two inverted BsaI sites at the 5' ends 488 (Supplementary Primer Table) . Similarly, for the sgRNA fragment we used a forward 489 primer containing two inverted BsaI sites and a reverse primer containing a SalI site 490 Primer Table) . The two fragments were then ligated using an overlap 491 extension PCR reaction and ligated into pGEM/T-Easy (Promega). Positive clones were 492 digested with AscI and SalI and the dropout was subsequently ligated into an AscI-and 493
(Supplementary
SalI-linearized pENTR-PpU6-sgRNA-NGG plasmid. 494
To generate the six entry vectors compatible with Multisite Gateway (Invitrogen) 495
for multiplexing experiments, we amplified the sgRNA expression cassette from pENTR-496
PpU6-sgRNA-L1L2 using primers (Supplemental Primer Table) containing different 497
Multisite Gateway attachment sites (attB) and subsequently recombined with the 498 Multisite Gateway pDONR221 plasmid set (Invitrogen) using a BP clonase reaction 499 following the manufacturer's recommendations. 500 501
Cas9/sgRNA destination and expression constructs. 502
To generate the three destination vectors, we purified a fragment containing the 503 Sequences are available on AddGene (https://www.addgene.org/kits/bezanilla-crispr-507 physcomitrella/). All of the Cas9/sgRNA expression vectors used in this study were 508 generated using Gateway (for one sgRNA) or Multisite Gateway (for multiple sgRNAs) 509 to recombine the entry vectors and destination vectors just described (Invitrogen). 510 511
Homology-directed repair constructs. 512
To generate pENTR-R4R3-stop (the "stop cassette"), we amplified 360 bp of the 513 plasmid pBluescriptSK(+), including the multiple cloning site, with attB4r and attB3r Gateway primers (Supplemental Primer Table) . The forward primer also contained three 515 stop codons in each frame. We subsequently cloned the PCR fragment into 516 pDONR221-P4rP3r (Invitrogen) using a BP clonase reaction following the 517 manufacturer's recommendations. 518
To generate the mEGFP and mRuby2 tagging entry vectors, we amplified 519 mEGFP (Vidali et al. 2009 ) and mRuby2 (Lam et al. 2012 ) coding sequences using 520 forward and reverse primers (Supplemental Primer Table) that contained attB4r and 521 attB3r sites, respectively. The forward primers (Supplemental Primer Table) for both 522 mEGFP and mRuby2 also contained a BamHI site. These PCR products were 523 subsequently cloned into pDONR221-P4rP3r (Invitrogen) using a BP clonase reaction 524 to create pENTR-R4R3-mEGFP-C and pENTR-R4R3-mRuby-C. mEGFP-pGEM, a 525 vector described by (Vidali et al. 2009 ), contains BamHI and BglII sites flanking the 526 mEGFP coding sequence. We generated mRuby2-pGEM, a vector constructed in the 527 same way as mEGFP-pGEM (Vidali et al. 2009 ). We digested these vectors with BamHI 528
and BglII and the resulting fragments were ligated into BamHI-digested pENTR-R4R3-529 mEGFP-C and pENTR-R4R3-mRuby-C to create pENTR-R4R3-2XmEGFP-C and 530 pENTR-R4R3-2XmRuby-C, respectively. We linearized the resulting 2X constructs with 531
BamHI and ligated the BamHI/BglII fragments from mEGFP-pGEM and mRuby2-pGEM 532 to create the 3X constructs, pENTR-R4R3-3XmEGFP-C and pENTR-R4R3-3XmRuby-533 C, respectively. To create the mEGFP and mRuby2 N-terminal constructs, the process 534 above was repeated except the attB3r primers (Supplemental Primer Table) did not 535 contain stop codons. 536 537
DNA donor templates. 538
We used the three-fragment Multisite Gateway cloning system (Invitrogen) to 539 generate the final homology-directed repair homology constructs. For Pp3c22_1100, we 540 amplified 2 fragments of approximately 800 bp upstream and downstream of the 541 Pp3c22_1100 stop codon. For Pp3c16_8300, we amplified 2 fragments of 542 approximately 800 bp upstream and downstream of the expected start codon. For both 543 genes, we cloned the upstream fragments into pDONR221-P1P4 and the downstream 544 fragments into pDONR221-P3P2 using a BP clonase reaction. To create the final 545 homology-directed repair DNA donor plasmids, the resulting pENTR vectors from the 546 BP reaction underwent an LR clonase reaction with the second-position tagging vector 547 (pENTR-R4R3-mEGFP-C for Pp3c22_1100 and pENTR-R4R3-mRuby-N for 548 Pp3c16_8300) and the destination vector, pGEM-gate (Vidali et al. 2009 ). 549
To restore efficient homology-directed repair while tagging Pp3c16_8300, we 550 performed site-directed mutagenesis on the entry vector containing the 3' homology 551 fragment (pENTR-L3L2-3c16-3Arm) to create pENTR-L3L2-3c16-3Arm-mut by altering 552 the third nucleotide from the PAM (5' NGG 3') within the protospacer. We repeated the 553 LR reaction using this third-position entry vector to generate pGEM-3c16-mRuby-HDR-554 mut. 555 556
Moss tissue culture and transformation. 557
We propagated moss tissue weekly by light homogenization and subsequently 558 plated on 10-cm petri dishes to maintain the protonemal growth stage. We extracted DNA from plants that were 3-4 weeks old (0.5-1cm in diameter) 576 using the protocol as described in (Augustine et al. 2011 To detect CRISPR edits, we amplified a 0.5 to 1 kb genomic region flanking the 585 potential CRISPR editing site by PCR. The PCR product from each candidate plant was 586 mixed with a roughly equivalent amount of wild type PCR product of the same locus. 587
The mixture was denatured and annealed in a PCR machine and subsequently digested 588 with 1 µL of T7 endonuclease (New England Biolabs) following the manufacturer's 589 recommendations. We examined the digest on a 1% agarose gel. 590 deletion and green arrowheads represent net addition of bases at that particular sgRNA 892 site, with the corresponding number of bases deleted or added next to each arrowhead. 893
The total net change in base pair length for each plant is indicated to the right. The 894 asterisk in (B) represents a chimeric plant in which the editing is suspected to have 895 occurred after the first cell division. 896 Generation of the 5' and 3' homology fragments using PCR and primers with attB 904 overhangs and subsequent BP reaction into first-and third-element pDONR vectors, 905
respectively. The DNA sequence of the junction between the coding region and the 3' 906 UTR is shown, with bolded "TAG" representing the stop codon, red sequence 907
representing the protospacer binding site, and the red box representing the PAM. The 908 large blue and purple arrows represent the 5' and 3' homology fragments, respectively. 
